Objective: To describe the experience of auditory brainstem implantation (ABI) in patients with Neurofibromatosis type 2 (NF2). Results: There were 50 primary ABI insertions in 49 patients, including 16 inserted at the time of first side tumor removal as a sleeper, and two revision repositionings which failed to improve outcome. Postoperatively three patients had cerebrospinal fluid leaks which did not require reoperation, one patient had meningitis, and eight patients suffered either temporary or permanent lower cranial nerve dysfunction. Twenty-nine patients became full time users; a further 12 patients became non-users. Three patients died while their device was inactive. Five patients retain serviceable contralateral hearing. Audiological open set testing of users showed means of: environmental sounds discrimination 51%; phoneme discrimination: with ABI alone 22%/lip reading (LR) 45%/ABI with LR 65%; sentence testing: with ABI alone 13%/LR 19%/ABI with LR 54%. Conclusions: The majority of patients with NF2 implanted with an ABI find the device a useful aid to communication in conjunction with LR and in recognizing common environmental sounds. A small proportion gain open set discrimination. Almost a third of patients may end up as non-users. There is probably an increased risk of postoperative lower cranial nerve dysfunction so careful preoperative assessment is advised.
The auditory brainstem implant (ABI) evolved from cochlear implant technology to rehabilitate those individuals with total bilateral deafness who are unsuitable for cochlear implantation because of non-functional cochlear nerves or unimplantable cochleas. The majority of candidates suffer from the genetic disorder neurofibromatosis type 2 (NF2) which causes bilateral vestibular schwannomas leading to deafness either by direct damage from the tumors themselves or from the surgery to remove them (1) . The ABI stimulates the cochlear nucleus complex directly, which is readily accessible after vestibular schwannoma removal.
The Manchester programme participated in the original European pilot study (2) , and since then has routinely offered it to appropriate patients. This article reviews our experience in NF2 patients.
MATERIAL AND METHODS

Patients
Patients were included in the study if they met the Manchester criteria for NF2 disease (3), and had been implanted with an ABI and had continued rehabilitation by the Manchester team between 1994 and 2009.
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Surgery and Intra-Operative Monitoring
The translabyrinthine approach was employed in 48 cases and the retrosigmoid in two cases. The operative technique is well described by other authors (4, 5) . Facial and glossopharyngeal nerve monitoring were performed throughout the procedure. Intra-operative electrically evoked auditory brainstem responses (EABRs) were recorded from subdermal needle electrodes using a Medelec Synergy evoked potential system. For a detailed methodology for EABR recording and interpretation see O'Driscoll et al. (6) .
Rehabilitation
Device activation took place 6 to 8 weeks after surgery. Electrodes producing unacceptable non-auditory sensations were excluded from the map. The number of electrodes producing an auditory only response was recorded.
Data and Outcomes
Data were collected from prospectively completed surgical and audiological databases. Data collected included patient demographics, previous history of surgery or stereotactic radiosurgery, surgical technique, complications, duration of preoperative profound hearing loss, and audiological outcomes.
Audiological outcomes included the following:
( In the majority of patients, best scores were achieved within 12 months. A small number of patients continued to improve with the device over several years. To take this into account, for the purposes of this study the best scores achieved were used, regardless of the time post-implantation.
Patients were categorized according to their ABI use. Categories included user, non-user, and sleeper. A sleeper is defined as a patient having ABI insertion at the time of surgical removal of their first vestibular schwannoma when there was still functional hearing in the contralateral ear. A number of sleepers have subsequently become users or non-users.
Statistical Analysis
Data were analyzed using the R statistical package (version 2.15). Both demographic variables (age at surgery; tumor size; primary versus revision surgery; duration of profound deafness in the implanted ear before surgery categorized into <5 years, 5-9 years, >10 years) and ABI test variables (number of EABR peaks; number of auditory electrodes at device activation; user versus non-user; 3AFC; ES; CUNY ABIþLR; AB ABIþLR) were analyzed descriptively to understand their distributions. Pearson correlation analysis was used to identify the associations of all variables with the intention of understanding the causal relationships among them. Variables were then taken into linear regression models to investigate their effects on 3AFC, ES, and CUNY ABIþLR ( p < 0.05).
RESULTS
The study population comprised of 49 individuals with 50 primary ABI insertions. There were six Cochlear ABI22 devices and 44 Cochlear ABI24M AQ5 devices implanted. Demographic details are given in Table 1 . Three patients had had previous radiosurgery on the ipsilateral side before ABI surgery (one device failed preactivation, one had no auditory electrodes, one had limited benefit (patient 10 in Figs. 1A, 2A, and 3A).
Details of ABI Use
Details of device use and auditory electrodes at activation are given in Table 2 .
Sleepers
In 16 instances, the ABI was inserted as a sleeper. All patients with sleeper ABIs were encouraged to practice with the device but compliance was generally poor. One sleeper suffered a device failure so a second ABI was implanted on the contralateral side. One patient uses the device in combination with a contralateral hearing aid in an ear with a severe hearing loss. Three patients have subsequently died while the ABI was ''sleeping''. Three patients have subsequently had their devices activated following removal of the contralateral tumor after a period of between 2 and 4 years and are active users.
Three patients had their devices activated but are now non-users; of these, one patient had four auditory electrodes at activation and initially became a user with limited benefit. Following ABI repositioning, he became a nonuser. The second patient (described in the ''revision surgery'' section below) had nine auditory electrodes initially but this deteriorated to one by the time of contralateral surgery. He elected not to have a contralateral ABI inserted. The third had three auditory electrodes with poor benefit and elected not to use the device. Three patients with longstanding sleeper ABIs have had the magnets removed to facilitate magnetic resonance imaging (MRI). It is now our policy to remove the magnet at the time of insertion for sleeper ABIs, if possible.
Surgical Complications
Facial nerve complications are not detailed as these are principally related to tumor size and difficulty of resection. Cerebrospinal fluid (CSF) leaks occurred in three patients through the skin wound and were all successfully managed with additional skin sutures. One patient developed meningitis and recovered without further complications. One patient suffered a single postoperative seizure. Two patients developed temporary palsies of the trigeminal and abducens nerves, respectively.
Eleven patients suffered lower cranial nerve dysfunction. One patient had a small (1 cm) tumor with a concomitant 9th nerve tumor that required significant mobilization to access the foramen of Luschka. Seven patients suffered permanent vocal cord palsy and one also had temporary contralateral vocal cord palsy and required a temporary tracheostomy; five of these patients required nasogastric (NG) feeding for up to 6 weeks. One patient had temporary vocal cord palsy. A further three patients required NG feeding for up to 4 weeks.
Revision Surgery
Two patients have had further ipsilateral surgery to remove residual tumor with the ABI in situ. In both cases the ABI function remained unchanged postoperatively. In one case total removal was achieved but in the second, near-total was performed to protect the facial nerve. This tumor rapidly regrew and needed further surgery. Because of the aggressive tumor growth, poor preoperative facial and lower cranial nerve function and poor ABI function (only four auditory electrodes), a planned total removal was conducted with sacrifice of the facial nerve and repositioning of the ABI. Unfortunately, despite reasonable intraoperative EABR recordings, there was only one functioning auditory electrode and this patient is now a non-user. A contralateral ABI was thought to be inadvisable because of the risk of causing damage to the lower cranial nerves on the second side.
One patient had repositioning of the ABI electrode array as she had no auditory electrodes and a computed tomography (CT) scan showed the electrode array had slipped out of the foramen of Luschka. Following this, the ABI remained non-functional and the patient had a temporary vocal cord palsy and required NG feeding for 6 weeks. In both cases where the electrode array was subsequently repositioned, there was dense scarring around the array and a combination of blunt and sharp dissection was required to mobilize it.
Non-Auditory Stimulation
All patients except one experienced non-auditory effects of stimulation on at least one electrode. The most common reported side effect was perstimulatory dizziness in 55% of cases and of those there was observable nystagmus or ocular deviation in a third. Other reported or observed effects included facial twitching and sensory change in the throat and in the limbs and trunk.
Intraoperative EABR and Audiological Outcome Data Intraoperative EABR and audiological outcome data are given in Table 3 and Figures 1-3 . Word and sentence scores were not always available as one patient could not speak English, and seven could not be fully tested. Figure 1 demonstrates that most patients can perform 3AFC relatively well but there is a wide range of results with regard to environmental sound discrimination. Nonusers did not score more than 30% on ES. Figures 2 and 3 demonstrate that the majority of patients with the ABI alone achieve some phoneme discrimination on AB word 
scores but perform poorly on CUNY sentence discrimination, with only two patients gaining more than 40% open set discrimination and a further three scoring between 20 and 40%. Most receive a reasonable gain when the ABI is combined with LR.
Prognostic Factors
Pearson correlation analysis was conducted with the significant level 0.05. The outcomes of Kendall's tau-b and Spearman tests were consistent with Pearson tests at the same significant level. This analysis found: 1) There was no significant difference between activated sleepers or non-sleepers on any audiological outcome ( p > 0.5). 2) There was no significant differences in tumor size, age at surgery, and previous surgery on any ABI test variable ( p > 0.5). Looking at the association and size of the effects between test variables (3AFC, ES, and CUNY ABIþLR) LR) and other factors (age at surgery, tumor size, previous surgery, duration of profound deafness, number of EABR peaks, number of auditory electrodes at device activation and user/non-user) linear regression analysis showed that all three test scores were significantly associated with number of EABR peaks ( p < 0.05). ES was also significantly associated with use. CUNY ABIþLR was weakly associated with use, but only with EABR peaks and number of electrodes in the best model.
DISCUSSION
Excluding those with residual hearing on the contralateral side, approximately 70% of individuals in this study were users of their implants. The majority were able to recognize the prosodic patterns of speech and to identify environmental sounds. Most ABI users gained enhanced communication skills when combined with LR to an extent that was greater than the sum of the two individual skills. Subjectively these abilities are of value (7, 8) . In only a very small number of individuals was performance with the ABI comparable to that expected from a cochlear implant, most of whom achieve open-set speech understanding and high sentence scores even in NF2 (9) . While these results are comparable to the majority of studies evaluating the ABI5 (4, 5, (9) (10) (11) (12) (13) (14) , some recent publications have demonstrated a greater proportion of high performing users (15) (16) (17) (18) . Explaining the discrepancy between outstanding results and limited audition remains the biggest challenge for teams working with the ABI.
Preoperative Factors as Prognostic Indicators
Colletti et al. (18) first reported a group of non-tumor non-NF2 ABI patients with a greater than expected proportion of open-set speech discrimination through the ABI alone compared with their NF2 cohort. They surmised that the effects of preoperative tumor size and surgical removal caused deleterious effects to the cochlear nucleus. More recently Matthies et al. (15, 16) , and Behr et al. (17) , have demonstrated similar outcomes with NF2 patients as well, finding that tumor size did not affect their results. The two outstanding patients in our series had large tumors with brain stem compression; the best was in a young man presenting with two 4 cm tumors. By way of contrast some very small tumors with no compression of the stem were associated with poor results. Statistically, there was no association of tumor size with any auditory outcome.
Matthies et al. (15) , found that duration of deafness was important, with all outstanding users having been deaf in their implanted ear for less than 24 months. Our two outstanding users had also both been deaf for less than 24 months. The correlation of duration of deafness with AB ABIþLR phoneme scores in our study suggests an association but with such small numbers in the longer duration of deafness groups, conclusions are uncertain.
Previous stereotactic radiosurgery could have a deleterious effect. While we found poor performance in the two activated cases others (10) , found three patients all derived good benefit.
Surgical Factors as Prognostic Indicators
It is recognized that the tonotopic arrangement within the cochlear nucleus is less favorable than that in the cochlea, where spectral analysis is relatively precise. In the cochlear nucleus the tonotopic arrangement is less well defined and is disposed in three dimensions with frequency maps altering with the distance from the surface of the nucleus. Single photon emission tomography studies of the auditory cortex in an NF2 ABI user found that although high frequencies were well represented in the cortex, low frequencies were relatively poorly projected (19) . In practice pitch ranking often occurs in a random fashion rather than as might be expected from the tonotopic arrangement (20) . In theory electrodes that could penetrate the nucleus to varying depths might improve access to different frequency areas of the nucleus. In practice, experience of a penetrating ABI has not conferred any obvious benefit over the conventional surface electrode array (21) . Possibly the benefits of improved tonotopicity were outweighed by damage to the cochlear nucleus by the penetrating array.
Subtle anatomic variations in the relationship between the cochlear nucleus and the foramen of Luschka, which may be further distorted by compression from a large tumor mass, might affect ideal positioning of the array (22) . Matthies et al. (15) , used the stimulating device that comes with the MED-EL ABI to perform intraoperative preplacement EABR. This device is the same size as the ABI electrode array, which is significantly smaller than that of its counterpart from Cochlear. It also has no Dacron mesh so it is easy to move around atraumatically. Matthies et al. (23) , suggested that mapping the area of the cochlear nucleus may have been one of the factors that lead to their exceptional results. As we used the Cochlear ABI, we did not have the benefit of this device, so used the ABI array itself to perform EABR (25) . We found the quality of the intraoperative EABR, as determined by the number of peaks, to be significantly associated with better outcomes but when we tried to move it to map the area we often found the signal deteriorated leading us to conclude that trauma to the cochlear nucleus may be occurring.
It is thought that so called ''chopper neurons'' in the nucleus confer the ability to distinguish very tiny modulations in amplitude of the signal, and the loss of or damage to these cells could impair the ability to discriminate speech AQ6 (26) . The presence of a large tumor mass may have a damaging effect on the cells of the nucleus as may surgical manipulation or bipolar diathermy, with either direct thermal damage or ischaemia secondary to interruption of the blood supply to the nucleus. Behr et al. (17) and Matthies et al. (23) , both stated that they try their utmost to avoid all bipolar cautery during tumor removal. This is supported by use of the semi-sitting position which they found to have a significant association with open-set discrimination. This position is rarely used in the United Kingdom and we think the uncertain possibility of improved results does not justify the increased intraoperative risk of air embolism.
Device Factors as Prognostic Indicators
As discussed above, the larger size of the Cochlear ABI array compared with the MED-EL ABI may be a factor during surgery as it requires more dissection to insert. It also has a larger Dacron mesh attached, which is designed to cause a fibrotic reaction to fix the electrode in place. While this may lead to less likelihood of displacement, the greater fibrotic reaction could be traumatic to the cochlear nucleus.
One might think that the larger electrode paddle of the Cochlear device
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, with its increased number of electrodes, may give a better likelihood of covering the appropriate neurons of the cochlear nucleus. However, the larger size may simply lead to increased non-auditory stimulation, one of the major factors in determining outcome. Matthies et al. (16) , only deactivated a mean 2 out of 12 electrodes in users compared with 7 out of 21 in our cohort. Indeed, the correlation we found between number of electrodes at switch on and CUNY ABIþLR suggests that this directly impacts on the patients' ability to communicate. However, it may alternatively reflect that a critical number of electrodes are needed for effective communication and environmental discrimination, as all our users had at least six auditory electrodes. This is in keeping with the findings of others; Otto AQ8 et al. (21) , found with the eight channel Cochlear ABI that those with less than three electrodes were non-users and those with six to eight performed much better. Matthies et al. (16) , found all users had at least five auditory electrodes and Grayeli et al. (10) , using the 21 channel Cochlear ABI, observed all their best users had at least 10 electrodes and others had at least 4. Behr et al. (17) , while describing the group of exceptional performers, found that it was the number of electrodes that provided distinct pitch discrimination that was important.
Surgical Complications
Surgical complications appeared no more frequent than those expected from tumor removal alone, except for lower cranial nerve injury. While these nerves require mobilization and are at risk from vestibular schwannoma removal, particularly with larger tumors, we noted a much higher incidence of postoperative dysphagia and vocal cord palsy than we would have expected. The literature is divided on this issue. Schwartz et al. (5), noted ''a far higher incidence of aspiration and dysphagia'' following ABI insertion and Sanna et al. (14) , shared this experience. Matthies et al. (15) , found 4 of 18 patients had worse lower cranial nerve function postoperatively. Others have not noted an increased incidence (4, 9, 27) .
As well as the usual manipulation required to remove the tumor, these patients have additional risk factors for lower cranial nerve palsy. The glossopharyngeal nerve often requires further mobilization to access the foramen of Luschka and may be in close proximity to the electrode array. The lower cranial nerves may also have schwannoma formation. Not only does this predispose the nerves to dysfunction but more robust manipulation may be required to access the foramen, putting further strain on the nerves. We recommend careful assessment of laryngeal function to exclude a preoperative contralateral palsy that could result in a bilateral lower nerve deficit following surgery.
Revision Surgery
Revision surgery was required in several circumstances. Where a patient had undergone previous tumor resection, placing the ABI was no more difficult than usual. Where we were removing further tumor without the need to move the ABI, although great care was required not to damage the electrode array, we found this to be straight-forward, particularly where we were able to alter the surgical approach from translabyrinthine to retrosigmoid. Our limited experience of attempting to remove and reposition an electrode array that had seemingly moved following the original surgery was not encouraging. In each case there was an extensive fibrotic reaction, including a third non-NF2 case not reported here, with either no improvement or worsening of function. Discussion with colleagues at other centers has suggested similar experiences with revision surgery for the Cochlear device (MS Schwartz, DE Brackmann, M Kalamarides, O Sterkers, R Behr, personal communications) but less so for the MED-EL device where successful revisions have been reported (9, 15) . We surmise this relates to the size of both the array and the Dacron mesh.
Use of Sleepers
In this series, we have adopted the policy of offering an ABI to patients at their first tumor removal even in the presence of useful or aidable hearing in the contralateral ear. The reason for inserting these ''sleepers'' was to allow two possible ''bites at the cherry''. If difficulty was encountered inserting the sleeper, the attempt was abandoned rather than risk damage to the brainstem. These sleepers have lain dormant for up to 13 years and so far only 3 out of 16 have been activated. Three more patients have died before their sleeper could be activated. During the period of ''sleep'' we have encouraged the patients to activate the device at regular intervals although most patients found this too difficult while they still had reasonable contralateral hearing. It could be argued that in financial terms our approach has been extravagant and perhaps it should be re-examined in light of information that is beginning to emerge on the slow progression of hearing loss in NF2 and the increased use of both bevacizumab and cochlear implants. Nevertheless, with only seven out of 10 ABIs providing auditory benefit, the potential for a second chance seems a reasonable proposition. Currently, we counsel patients carefully before first sided tumor removal as to the pros and cons of sleeper insertion, taking particular account of their motivation, psychological status, social support, general well-being and comorbidities, the size and growth rate of the contralateral tumor, the contralateral hearing, and the effect on future MRI.
